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A neutralizing human monoclonal antibody, KZ52, protects guinea pigs from lethal Ebola Zaire virus
challenge. Administration before or up to 1 h after challenge resulted in dose-dependent protection by the
antibody. Interestingly, some antibody-treated animals survived despite developing high-level viremia, sug-
gesting that the mechanism of protection by KZ52 may extend beyond reduction of viremia by virus neutral-
ization. KZ52 is a promising candidate for immunoprophylaxis of Ebola virus infection.

Antiviral antibodies play a critical role in protection against
infection or disease following viral challenge. Classically, the
role of antibody has been demonstrated by transferring serum
or immune globulin from an immune to a naive individual
prior to or immediately following challenge with the pathogen.
Infectious agents for which this approach has been successful
include important human viral pathogens such as respiratory
syncytial virus, hepatitis A virus, measles virus, poliovirus, and
rabies virus (reviewed in references 8, 10, and 28). Generally,
the protective ability of transferred immunoglobulin has been
associated with neutralizing activity in vitro (28). However, for
some viruses, the passive transfer approach has been difficult
because natural infection appears to elicit rather poor neutral-
izing antibody responses (7). A prominent example is human
immunodeficiency virus type 1 (HIV-1), which in many in-
fected individuals elicits neutralizing antibody responses of
rather poor quality and for which protection with passively
transferred immune globulin has not been demonstrated. In
the case of HIV-1, a small number of neutralizing monoclonal
antibodies (MAbs) isolated from infected individuals have
then been invaluable in demonstrating that antibodies can in-
deed provide protection against virus challenge (2, 13, 24, 25,
29).

A number of remarkable similarities exist between the hu-
moral response to filoviruses, in particular Ebola virus, and the
response to HIV-1 discussed above. In Ebola virus infection,
there is also little evidence for the development of neutralizing
antibodies in the sera of infected individuals. Two of the four
known strains of Ebola virus, Zaire and Sudan, are responsible

for the majority of infections and have been implicated in all
confirmed lethalities due to Ebola virus infection (6). The
pathogenesis of infection with Ebola Zaire and Ebola Sudan
viruses is typically swift, and most infected subjects die before
detectable antibody responses have been established. How-
ever, whereas survivors do seroconvert, neutralizing antibody
titers in serum remain very low (17, 19, 26), reminiscent of the
observations with HIV-1 infection. Immunoprophylaxis of
Ebola virus infection, using convalescent-phase serum, has
been employed, but with disputed and limited success (1, 4, 12,
27). In contrast, for another filovirus, Marburg virus, there is
evidence for the presence of neutralizing antibodies in serum.
Thus, guinea pigs were protected by incubating Marburg virus
with serum from convalescent patients prior to challenge (ex
vivo neutralization) (32), and passive transfer of serum from
immunized and convalescent animals, furthermore, protected
naive guinea pigs from homologous Marburg virus challenge
(14).

A number of studies have attempted to demonstrate an
impact of antibody on Ebola virus infection. The most elabo-
rate studies have been performed with neutralizing equine
immunoglobulin G (IgG) against Ebola virus (16, 17). The
equine IgG was originally developed by a group of Russian
investigators who determined that horses were not susceptible
to Ebola virus infection and that sera with high neutralizing
antibody titers could be obtained by immunization with liver
homogenates from Ebola virus-infected monkeys (18). Guinea
pigs were completely protected when the neutralizing equine
IgG was given before, but not after, Ebola virus challenge (17).
Similar results for guinea pigs were obtained with neutralizing
ovine and caprine IgGs against Ebola virus. A concern with
regard to these latter experiments, however, is that the im-
mune sera likely contained considerable titers of antibodies
against guinea pig cell antigens because they were raised
against homogenates of Ebola virus-infected guinea pig liver
(20). In addition, a number of studies have been performed
with a mouse-adapted Ebola virus in a mouse challenge model
(5). However, in contrast to Ebola virus infection in other
animal models, it is relatively easy to protect mice from infec-
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tion with the mouse-adapted Ebola virus. For example, the
mouse-adapted Ebola virus caused disease only when given
intraperitoneally (i.p.), whereas virus administered intramus-
cularly (i.m.) or subcutaneously (s.c.) was not pathogenic and
protected against subsequent i.p. challenge (5). Furthermore,
poorly neutralizing antibodies were able to provide protection
against challenge in this model (37).

A more stringent test of the neutralizing equine antibodies
was performed in challenge experiments with cynomolgus ma-
caques. In contrast to the guinea pig experiments, all macaques
became infected, although some benefit, in the form of a slight
delay in the onset of viremia, was observed (17). In other
studies, the neutralizing equine IgG protected baboons from
low-dose (�30 50% lethal doses [LD50]) Ebola virus challenge
when the IgG was given up to 1 h after infection, and high
neutralization titers (1:128 to 1:512) were achieved in serum
(3, 20). Neutralizing ovine serum similarly protected baboons
against low-dose Ebola virus challenge (0.6 LD50) (21).

We recently developed a human anti-Ebola virus MAb,
IgG1 KZ52, which neutralizes the virus effectively (23). This
antibody may be useful as an antiviral agent in the prophylaxis
of Ebola virus infection. We now present the results of the first
animal studies in which this antibody was used. We show that
the antibody protects against robust Ebola virus challenge in
the guinea pig model when administered up to 1 h after virus
challenge.

An animal model for Ebola virus infection and pathogenesis
has been developed in guinea pigs by infection of strain 13
guinea pigs with the Ebola Zaire virus (Mayinga) followed by
four sequential passages of virus in naive guinea pigs, using
homogenized spleens. Spleen homogenate from the final pas-
sage was used to inoculate Vero 76 cells to prepare the guinea
pig-adapted Ebola virus challenge stock (11). The resulting
guinea pig-adapted strain gives rise to high-level viremia in
plasma (typically �105 PFU) and is highly lethal in guinea pigs,
typically resulting in death between 8 and 11 days following
infection (11).

We have previously described a human antibody, IgG1
KZ52, directed against the Ebola Zaire virus glycoprotein,
which was found to effectively neutralize Ebola Zaire virus
(1995) with a 50% inhibitory concentration (IC50) of 0.3 �g/ml
and an IC90 of 2.6 �g/ml (22, 23). In the present study, we used
another Ebola Zaire virus isolate (Mayinga), which was ob-
tained from human serum specimen 057931 by one passage in
Vero 76 cells. To compare the sensitivities of the original
Ebola Zaire virus (Mayinga) and the guinea-pig adapted Ebola
Zaire virus strain to neutralization by IgG1 KZ52, we per-
formed additional plaque reduction neutralization assays as
described previously (23). Ebola Zaire virus (Mayinga) virus
and the guinea pig-adapted virus were neutralized (IC50) at 0.9
and 1.2 �g/ml, respectively. These numbers are not signifi-
cantly different from each other or from the neutralization
titers determined in our initial report with Ebola Zaire virus
(1995). In vivo passaging of the virus, therefore, did not affect
its neutralization sensitivity to this antibody.

To evaluate whether IgG1 KZ52 could protect against Ebola
virus infection in an animal model, we performed passive an-
tibody transfer experiments with guinea pigs (strain 13; weight,
400 to 450 g) followed by challenge with the guinea pig-
adapted Ebola virus strain described above.

In conducting research using animals, the investigators ad-
hered to the Guide for the Care and Use of Laboratory Animals
(27a). The U.S. Army Medical Research Institute for Infec-
tious Diseases (USAMRIID) animal facilities and animal care
and use program are accredited by the Association for Assess-
ment and Accreditation of Laboratory Animal Care Interna-
tional. Infectious material and animals were handled in a max-
imum-containment biosafety level 4 facility at USAMRIID
under standard operating conditions.

IgG1 KZ52 was produced and purified as detailed by Parren
et al. (29); it was �98% pure, as determined by sodium dodecyl
sulfate-polyacrylamide gel electrophoresis, and contained �1
IU of endotoxin/ml, as determined in a quantitative chroma-
genic Limulus amoebecyte lysate assay (BioWhittaker, Walk-
ersville, Md.). The half-life of IgG1 KZ52 was determined to
be 7 days.

Protection against virus challenge by neutralizing antibodies
in naive animals usually requires neutralizing antibody titers in
serum (IC90) higher than, very roughly, 1:100 (28). Whether
this was also the case for challenge with Ebola virus infection
was unclear. Therefore, we first performed a KZ52 titration
experiment. Challenge was performed with a robust dose of
the guinea pig-adapted Ebola Zaire virus (10,000 PFU s.c. in
the right upper thoracic limb [11]), and antibody was injected
i.p. at the time of challenge (indicated as time zero), per-
formed by administering the antibody several minutes after
injection of the virus. We started with a high dose of KZ52, 50
mg/kg of body weight, resulting in an antibody concentration in
serum of approximately 500 �g/ml (neutralization antibody
titers of �1:200), and two lower doses of the antibody (5 and
0.5 mg/kg). Animals were carefully monitored for signs of
disease and for survival during the study’s time course of 2
months, and Ebola virus plasma viremia was determined with
day 7 serum by plaque assay. The results show that dose-
dependent protection was achieved (Table 1). The highest
dose of KZ52 protected all animals from lethal infection, the
intermediate dose provided partial protection, and the lowest
dose of KZ52 did not protect the animals from disease. Ani-
mals treated with corresponding doses of a control human IgG
(obtained from the serum of a healthy individual) and un-
treated animals all became infected and died 7 to 12 days
postchallenge (except one animal in the control group, which
developed only a very low plasma viremia [2.6 log PFU/ml of
plasma on day 7]) (Table 1). Of the animals that survived
following antibody treatment, in only one (from the 50-mg/kg
treatment group) was virus undetectable in plasma at day 7, as
determined by plaque assay. The remaining surviving animals
had low to intermediate virus titers in serum at day 7 (Table 1).
Treatment with the two highest doses of MAb KZ52 at the
time of challenge, therefore, protected five of six animals from
lethal infection but did not generally provide sterile protection,
since the virus was detectable in the plasma in most (four of
five) of these animals. Interestingly, three animals survived
with significant plasma viremia, hinting that the benefit of
antibody might extend beyond simple reduction of the viral
load. For instance, antibody might mediate killing of infected
cells that would not necessarily be immediately reflected by the
magnitude of viremia.

Because MAb KZ52 did not provide sterile protection
against Ebola virus challenge even when administered at a high
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concentration (50 mg/kg; neutralization titer, �1:200) at the
time of challenge, we performed a preexposure prophylaxis
experiment. We injected MAb KZ52 at 25 mg/kg and chal-
lenged with Ebola Zaire virus 1 h later. Four of five animals
were completely protected from disease. One animal died,
although there was a marked delay in the time of death (i.e., 15
days). Analysis of plasma on day 7 indicated that the protected
animals did not have detectable virus (plasma viremia, �1.4
log PFU/ml), as determined by plaque assay, whereas a small
amount of virus was detected in the plasma of the animal that
died (plasma viremia, 2.7 log PFU/ml). However, protection
was not sterile, since sera tested positive (�1:80) for guinea pig
anti-Ebola virus antigen reactivity in an indirect fluorescent
antibody test at 30 days postchallenge. The indirect fluorescent
antibody test was performed as described previously (15, 17).
Control tests performed with appropriate concentrations of
purified MAb KZ52 were negative, indicating that this reac-
tivity was not due to cross-reactivity of the goat anti-guinea pig
IgG–fluorescein isothiocyanate conjugate with residual MAb
KZ52 in the guinea pig sera. High titers of preexisting neutral-
izing antibody, therefore, effectively suppressed plasma vire-
mia and provided protection from lethal infection but did not
appear to provide sterile immunity in this model.

Next, we evaluated the ability of MAb KZ52 to provide
postexposure protection against Ebola virus challenge. We in-
jected a 25 mg/kg of KZ52 at �1 h, �1 h, and �6 h relative to
the time of challenge with 10,000 PFU of guinea pig-adapted
Ebola Zaire virus (Table 2). Preexposure prophylaxis at 1 h
prior to virus challenge protected all five animals from lethal
infection, in agreement with the results of the experiment
described above. Significantly, postexposure prophylactic treat-
ment with KZ52 at 1 h after virus challenge protected four of

five animals from lethal infection. Protection was not sterile,
since plasma viremia (ranging from 2.4 to 4.0 log PFU) was
detected in all surviving animals. The animal that died had a
very high plasma viremia (6.2 log PFU). No protection was
observed after postexposure prophylaxis with KZ52 at 6 h after
virus challenge.

As an additional control, we treated animals with 3 ml of
neutralizing equine IgG/kg at the time of challenge. The
equine IgG against Ebola virus (18) was obtained from the
World Health Organization, which obtained the material from
the Russian association Epidbiomed, and has been described
in detail in elsewhere (16, 17). This treatment has previously
been shown to provide protection against infection in this
model (17). As expected, all animals were protected and no
virus was detected in their plasma. In concordance with the
experiments with KZ52, all animals treated with the neutral-
izing equine IgG seroconverted (as assessed on day 30 after
challenge), suggesting that this treatment also did not appear
to provide sterile protection against Ebola Zaire virus in this
animal model. Untreated animals all experienced high plasma
viremia and died between days 8 and 10. As in the experiment
described above, a number of antibody-treated animals pro-
tected in this study developed significant viral loads, again
hinting that antibody action may extend beyond controlling
viremia.

Our experiments show that a neutralizing human antibody
against Ebola virus derived from a natural infection can pro-
vide protection against robust virus challenge in an animal
model. Protection against lethal infection with this relatively

TABLE 1. Protection against Ebola Zaire virus challengea

Antibody Antibody dose
(mg/kg)

Time of
antibody

treatment (h)

Day of
death

Plasma viremia
(log PFU/ml)b

KZ52 50 0 — �1.4
50 0 — 1.4
50 0 — 4.5
5 0 — 3.9
5 0 — 3.9
5 0 14 5.5
0.5 0 7 4.7
0.5 0 8 4.3
0.5 0 7 5.1

Human IgG 50 0 7 4.2
50 0 7 4.5
50 0 7 5.6
5 0 12 4.9
5 0 12 4.2
5 0 12 5.1
0.5 0 9 4.8
0.5 0 9 4.1
0.5 0 7 3.9

None n/a n/a 9 4.1
n/a n/a 9 4.4
n/a n/a 10 2.8
n/a n/a 10 2.8
n/a n/a — 2.6

a Animals were treated with the antibody and dose indicated at the time of
challenge. —, animal lived; n/a, not applicable.

b Plasma viremia was assessed on day 7 postchallenge.

TABLE 2. Postexposure prophylaxis of Ebola Zaire virus challengea

Antibody Antibody doseb
Time of
antibody

treatment (h)

Day of
death

Plasma viremia
(log PFU/ml)c

KZ52 25 �1 — �1.4
25 �1 — �1.4
25 �1 — �1.4
25 �1 — �1.4
25 �1 — �1.4
25 �1 — 2.4
25 �1 — 3.5
25 �1 — 4.0
25 �1 — 3.5
25 �1 9 6.2
25 �6 11 4.3
25 �6 9 2.9
25 �6 9 4.6
25 �6 10 4.8
25 �6 8 5.2

Equine IgG 3 0 — �1.4
3 0 — �1.4
3 0 — �1.4
3 0 — �1.4
3 0 — �1.4

None n/a n/a 10 4.1
n/a n/a 9 4.3
n/a n/a 9 5.0
n/a n/a 8 4.9
n/a n/a 8 4.9

a Animals were administered the antibody at the indicated dose before or after
challenge. —, animal lived; n/a, not applicable.

b KZ52 dose is in milligrams per kilogram of body weight; equine IgG dose is
in milliliters per kilogram.

c Plasma viremia was assessed on day 7 postchallenge.
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high dose of virus was achieved even if the antibody was given
up to 1 h postchallenge. The dose of virus used in our study,
10,000 PFU, may seem high, but it was chosen to be represen-
tative of the very high levels of viremia that filoviruses can
achieve in bodily fluids of infected individuals in a relatively
short period of time. For example, Ebola virus has been shown
to replicate to levels of 106.5 PFU/ml of blood in humans (1)
and to 107 to 108 PFU/ml of blood in monkeys (17), and bodily
secretions can also contain high concentrations of virus. For
example, it has been shown that another filovirus, Marburg
virus, is excreted at high levels (up to 106 guinea pig infectious
doses) in urine (33). The challenge dose of 10,000 PFU em-
ployed in our study, therefore, corresponds to the amount of
Ebola virus contained in 1 to 10 �l of blood or bodily fluid from
an acutely ill individual. Several recent studies have used
smaller challenge doses (35, 36). Presently, it is unclear
whether the amount of antibody required to protect against a
high-dose challenge differs from that required to protect
against a low-dose challenge. From a thermodynamic perspec-
tive, the virus dose should be irrelevant because antibodies are
typically in vast molar excesses compared to virus (e.g., �1014

in our experiment, assuming an initial virus concentration of
10,000 particles/ml). It should be noted, however, that this does
not take into account considerations such as target cell avail-
ability and the presence of physical barriers to virus entry.
Higher challenge doses, therefore, will have a statistical advan-
tage in establishing a productive infection. Since Ebola virus
concentrations in biological fluids are high, it therefore seems
prudent to challenge with relatively high doses of virus.

Our experiments indicate that MAb KZ52 can provide pro-
tection against lethal Ebola virus infection by reducing plasma
viremia, since many protected animals had very low levels of
viremia. Interestingly, it has been determined that in the case
of human infection, persons who are acutely ill are typically
intensely viremic. Most infected persons die at this time (30).
The probability of survival, however, increases dramatically for
persons that survive at least 1 week after the onset of symp-
toms, and survivors then recover relatively rapidly and com-
pletely (30, 31). Postexposure prophylaxis with KZ52 at 1 h
postchallenge resulted in an order of magnitude reduction of
plasma viremia (mean of 3.6 log PFU in surviving animals,
compared to a mean of 4.8 log PFU in the control group)
(Table 2). This reduction in viremia may have enabled the
animals to survive the initial course of the infection. Postex-
posure prophylaxis at 6 h after challenge did not affect plasma
viremia and also did not protect against lethal infection.

Although a reduction in plasma viremia is associated with
increased survival following Ebola virus challenge, our results
also indicate that some antibody-treated animals survive (Ta-
ble 1, 5 mg/kg-treated animals; Table 2, � 1 h-treated animals)
with significant viremias that overlap those observed in un-
treated animals that succumb to infection. This hints at an
action of antibody that extends beyond a reduction in viremia
by virus neutralization. One possibility, for example, is that the
antibody acts against infected cells, helping to control critical
tissue damage. This is undoubtedly an area to consider for
further investigation.

The results with the neutralizing human antibody KZ52 are
very encouraging. This is the first time that an antibody has
been shown to be efficacious in postexposure prophylaxis of

Ebola virus infection in guinea pigs. Thus far, only the neu-
tralizing equine IgG has shown comparable neutralizing abil-
ity. The equine IgG was not able to protect monkeys from
Ebola virus challenge, although it was effective in the guinea
pig model. The predictive value of the guinea pig model for
protection against infection in primates has therefore been
questioned. A caveat to the equine IgG studies should be
noted, however. The neutralizing equine IgG was prepared by
immunizing horses with the homogenized livers of Ebola virus-
infected monkeys and therefore contains antibodies against
monkey cells. The Ebola challenge viruses used in guinea pig
and mouse studies have typically been grown in Vero cells
(derived from African green monkey kidneys) (5, 11). There-
fore, the possibility that protection in the guinea pig model was
provided in part by antibodies against monkey cell antigens
carried on the Ebola virus envelope, as has been described for
simian immunodeficiency virus (9, 34), cannot be excluded.
This protective ability might not be apparent in monkeys, in
which the anti-monkey cell activity would be rapidly adsorbed
by the host.

Future studies will address the efficacy of MAb KZ52 in
protecting nonhuman primates against Ebola virus challenge.
If effective, KZ52 will be a promising candidate for develop-
ment as an urgent immunoprophylactic agent to prevent Ebola
virus infection in humans. It may be particularly useful for the
preexposure prophylaxis of Ebola virus infection in workers
sent to aid in an Ebola virus outbreak or bioterrorist attack.
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